Abstract. Carbon and nitrogen stable isotope analysis was used to study the reproductive contributions of anadromous and freshwater resident female brown trout (Salmo trutta L.) in La Roche Brook (Normandy, France), where both forms live in sympatry. Sixty-nine emerging fry were sampled by electrofishing in three different locations in the lower, middle and upper reaches of the stream, in March-April 2002. A collection of samples with known origin (brown trout eggs and fin tissues and benthic invertebrates) allowed classification of each emerging fry as the progeny of freshwater resident (δ 13 C = −26.0‰ ± 0.8 s.d.; δ 15 N = 12.5‰ ± 1.4 s.d.) or anadromous (δ 13 C = −18.8‰ ± 0.6 s.d., δ 15 N = 14.8‰ ± 0.9 s.d.) female brown trout. It was then possible to estimate the relative contribution (33%) of anadromous females to the population of fry that emerged from redds in 2002 and to evaluate the extent to which freshwater and anadromous spawning grounds overlapped in the stream.
Introduction
Brown trout (Salmo trutta L.) populations in coastal rivers are known to split into two components, freshwater resident and sea-run migrant (or anadromous). Although residents spend their entire lives in natal rivers, migrants generally undergo parr-smolt transformation and emigrate seaward where they feed (summer) before returning to fresh water to spawn (autumn). In Europe, anadromous brown trout are distributed from the Bay of Biscay (43 • N) to northern Scandinavia (71 • N) (Frost and Brown 1967; Baglinière 1999) . Throughout this range, there is evidence that some stocks can consist of both resident and anadromous adults, but it is difficult to know the extent to which their spawning sites overlap and to assess the contribution of anadromous females to egg deposition and juvenile production. However, this task is of central importance in developing management policies for protecting anadromous brown trout populations from human disturbances such as river impoundments or overfishing.
Several techniques have been used to identify freshwater residents from anadromous individuals in salmonid populations: carotenoid pigment profiles in muscle tissue extracts (Youngson et al. 1997) ; strontium contents of the scales (Eek and Bohlin 1997) ; and microchemistry of otoliths (Howland et al. 2001) . The expanding field of otolith microchemistry provides approaches to reconstruct aspects of the life history of salmonids and to identify their marine phase (Gao and Beamish 1999) . For example, Zimmerman and Reeves (2002) used Sr : Ca ratios in otolith primordia to distinguish the progeny of anadromous and resident steelhead, Oncorhynchus mykiss. Along the same line, analysis of stable-isotope ratios in tissues has been proposed as a rapidly applicable and inexpensive alternative for the determination of anadromous life histories (Doucett et al. 1999; McCarthy and Waldron 2000) . The method is based on the existence of differences between stable isotopic ratios of marine and freshwater biomes (Fry and Sherr 1984; Owens 1987 ) and the predictable relationship between the isotopic composition of animals and their diet (DeNiro and Epstein 1978; Peterson and Fry 1987) . In the case of salmonid fry, isotopic ratios are expected to reflect the maternal feeding environment (marine or freshwater) as long as they are collected before they dilute their maternal isotopic signature (Doucett et al. 1999) . However, to date, the method has not been used to quantitatively distinguish the reproductive contribution of anadromous and freshwater resident morphs in mixed populations. The aim of the present study was to investigate the feasibility of using stable isotope analysis to assess the contribution of anadromous v. freshwater resident female brown trout to juvenile production in a small stream and to evaluate the extent to which their spawning grounds overlapped. K 
Materials and methods

Study site and brown trout population
The present study was carried out in 2002 in La Roche Brook (48 • 38.3 N, 01 • 10.6 W), a second order stream and tributary of the Oir River, (Normandy, France, Fig. 1 ). La Roche Brook is a 4.5 km long stream with a drainage basin of 8.2 km 2 , consisting mainly of meadows and arable lands. Channel width at the confluence is 2.5 m and mean monthly discharge ranged between 0.024 m 3 s −1 (August) and 0.096 m 3 s −1 (February). The mean gradient is 1.1% and bottom substrate consists mainly of gravel and cobble, providing suitable spawning grounds for both non-anadromous (freshwater resident) and anadromous (sea-run) brown trout. The stream is disrupted by an impassable dam such that only the lower 2.2 km of the stream is accessible to anadromous brown trout. Adults generally enter the brook in November and spawn between late November and January. Young-of-the-year start to emerge from redds in March; emigrants leave the stream in autumn (age-0 parr) and late winter or early spring (age-1 and age-2 pre-smolt and smolt).
Emerging fry collection
Recently emerged trout fry were electrofished in three sections of La Roche Brook (Fig. 1) : the lower section (S1) was situated 30 m upstream from the Oir River; the middle section (S2) 0.8 km from the outlet; and the upper section (S3) 0.4 km downstream from the dam. The sections were each 150-m long and collectively (450 m), they represented 20% of the stream length between the confluence and the dam. Each section was electrofished weekly from 15 March to 10 April 2002, in order to sample the whole period of emergence. Shallow habitats along the banks were preferentially sampled because they are known to be used by recently emerged brown trout (Roussel and Bardonnet 1999) . Equipped with a backpack electrofisher (DreamElectronics, Pessac, France; 24 V input; 150-550 V, 400 Hz pulsed DC output), the operator progressed in an upstream direction and performed point samples along the right and left bank, alternatively. Each point sample consisted of an approximate 5 s submersion of the anode and young-of-the-year were captured with a dip-net (1-mm mesh). The distance between two consecutive point samples was 3-5 m and a minimum of 40 point samples were made per section. Fry collections from each sample point were placed in a separate water-filled container.
At the end of the section, fish were sorted according to their developmental stage and size. Fry were kept when yolk absorption was not completed or just completed (vitelline vein and capillaries visible, Killeen et al. 1999) . Previous laboratory experiments with freshwater resident and sea-run brown trout eggs from the Oir River have shown that, in the absence of food, the average fork length (FL) of fry was 2.5 cm (J-M. Roussel, unpublished data). This criterion was also used with fish that had begun exogenous feeding, expecting that they did not start to grow and dilute their maternal isotopic signature. The selected fish were individually placed in live containers (water temperature 4 • C) and brought back to the laboratory; older specimens were returned to the stream. At the laboratory, fish were killed in a solution of phenoxyethanol (0.1%), as per regulations for the ethical treatment of wild animals. Lethal sampling of emerging fry was necessary to obtain the required amount of tissue for stable isotope analysis. Fish were measured (fork length, nearest 1 mm) and digestive tracts were removed and discarded. The remaining tissues were rinsed with distilled water to eliminate the possibility of isotopic contamination and immediately frozen at −80 • C.
Validation with known samples
Tissue samples were collected from adult male and female brown trout to establish reference isotopic signatures of anadromous and nonanadromous spawners. Adults were electrofished in Oir River and La Roche Brook during November and December 2002. Brown trout were identified as freshwater resident or anadromous on the basis of their external morphology (body size and colouration). The accuracy of this method has been tested by Baglinière et al. (2000) and following their recommendations, scales were sampled on each individual and read in the laboratory to confirm the migratory life history (Richard and Baglinière 1990 ). Pelvic fin clipping was performed on each individual and eggs (∼10-15) were taken from each mature female by manual stripping. Tissue samples (fin clips and eggs) were rinsed with distilled water before freezing (−80 • C).
Potential changes in C and N isotopic signatures between eggs and fry during ontogenesis were investigated in the laboratory. Five additional freshwater resident females were collected by electrofishing in Oir River and La Roche Brook in January 2002; their eggs were taken by manual stripping and fertilised with a mixture of gametes of three males. The five batches of eggs were incubated under experimental conditions and no food was delivered. After yolk absorption was completed, three alevins were randomly sampled from each batch, digestive tracts were discarded and the remaining tissue rinsed with distilled water before freezing (−80 • C).
Benthic invertebrates were sampled from electrofishing sites (S1, S2 and S3 on La Roche Brook) and at three other locations on the Oir River drainage (Fig. 1) to determine stable isotope values of potential prey available to freshwater resident fish. Invertebrate collection was performed in April 2003 by repetitive kick-sampling (mesh size: 250 µm) in various microhabitats within each location. The most abundant scraper and shredder taxa (respectively Ephemeroptera: Baetis spp. and Amphipoda: Gammarus sp.) were chosen and kept alive for 12 h in the laboratory for gut clearance before freezing (−80 • C). Invertebrate samples for isotope analysis consisted of 3-5 whole individuals from each taxon at each sampling location.
Sample processing
All samples (fry, eggs, fin clips and benthic invertebrates) were freezedried at −40 • C for two days and ground to a fine powder using a mixer mill (Retsch MM 200, Fisher Bioblock Scientific, Illkirch, France) . Approximately 0.2 mg of sample was weighed (Sartorius M2P, Sartorius, Goettingen, Germany) into a tin capsule and combusted in a Carlo Erba N/C-2500 elemental analyser (Thermoquest Italia, Rodano, Italy) interfaced with a Thermo-Finnigan Delta Plus XP continuous flow isotopic ratio mass spectrometer (CF-IRMS; Thermo Finnigan, Bremen, Germany). Isotope ratios were expressed in parts per thousand (‰) according to the following equation:
where X is δ 13 C or δ 15 N and R is the corresponding ratio 13 C : 12 C or 15 N : 14 N. R standard for δ 13 C was carbon from carbonate rock (Peedee Belemnite formation, Craig 1957) and R standard for δ 15 N was atmospheric nitrogen (Mariotti 1983 ). More positive delta values indicate enrichment of the heavier isotope and more negative values indicate depletion. Repeat analysis of IAEA standards (N1, N2, CH6 and CH7) along with three elemental standards (acetalinide, cyclohexanone and nicotinamide) and one internal standard (homogenised bovine liver) showed that δ 13 C and δ 15 N were precise to 0.20‰. Sample reproducibility was tested by making repeated measurements (two or three per sample) on 27 samples (eggs, fin clips and fry). The coefficient of variation ranged between 0.001 and 0.065 and single measurements were made for all remaining samples. Student's t-tests were used to analyse variations in isotopic composition (δ 13 C and δ 15 N) between samples. Assumptions of normality and homogeneity of variance were tested using Kolmogorov-Smirnov tests (with Lilliefors probabilities) and F -tests respectively. When heteroscedasticity was detected among two samples, we used a modified t-test with weighted average degree of freedom (Sokal and Rohlf 1995) . Statistical analyses were performed with SYSTAT 10 (SYSTAT Software Inc., Richmond, CA, USA); maximum type-one error rates were set at α = 0.05.
Results
Isotopic composition of adult trout and benthic invertebrates
Mean δ 13 C and δ 15 N values (Table 1) of freshwater resident brown trout (egg and fin samples pooled) were significantly lower compared with those of anadromous trout samples (t-test for δ 13 C: d.f. = 30, t = 13.88, P < 0.0001; δ 15 N: d.f. = 30, t = 3.66, P = 0.001). Eggs were significantly 13 Cand 15 N-depleted relative to adult fin tissues (paired t-test for δ 13 C: d.f. = 16, t = 7.93, P < 0.0001; δ 15 N: d.f. = 16, t = 2.97, P = 0.009) and embryos incubated in the laboratory were 13 C-enriched relative to eggs by 2.1‰ on average (Table 1 ). This result likely reflects the fact that eggs have higher lipid content, as lipid-rich tissues are depleted in 13 C due to discrimination against the heavier isotope during lipogenesis (DeNiro and Epstein 1978). It also indicates that variations in C-isotopic signatures during ontogenesis (from egg to emerging fry) are minor compared with the difference observed between freshwater resident and anadromous trout tissues. Benthic invertebrates collected in the Oir River basin had δ 13 C values consistent with resident trout samples (from −29.9 to −23.1‰), but were 13 C-depleted compared with anadromous trout by 7‰ on average (Table 1) . Adult resident brown trout had δ 15 N values on average ∼7‰ higher than benthic invertebrates (scrapers and shredders).
Isotopic composition of emerging fry
A total of 69 emerging fry were sampled in La Roche Brook during the period of emergence: two fry were collected on 15 March, nine fry on 22 March, 24 fry on 29 March, 20 fry on 3 April and 14 fry on 10 April. Fork lengths ranged from 2.0 to 2.8 cm and 59% of the individuals had already begun exogenous feeding when they were captured (full gut). Sizes of fry with full (FL = 2.35 cm ± 0.25 s.d.) or empty gut (FL = 2.30 cm ± 0.17 s.d.) were not significantly different (t-test: d.f. = 64, t = 1.57, P = 0.121), indicating that they did not start to grow.
The combined δ 13 C-δ 15 N scatter plot revealed that emergent fry split into two distinct groups (Fig. 2) . The first group (δ 13 C = −26.0‰ ± 0.8 s.d., δ 15 N = 12.5‰ ± 1.4 s.d.) had δ 13 C values that closely matched with δ 13 C values of resident trout tissues (t-test: d.f. = 16.5, t = 0.082, P = 0.936) and benthic invertebrates collected in La Roche Brook and the Oir River basin, indicating the freshwater maternal origin of the fry. The second group of fry (δ 13 C = −18.8‰ ± 0.6 s.d., δ 15 N = 14.8‰ ± 0.9 s.d.) had δ 13 C values similar to anadromous trout tissues (t-test: d.f. = 19.8, t = 0.08, P = 0.934). These values were not consistent with the isotopic K. Charles et al. composition of freshwater invertebrates, indicating the marine maternal origin of the fry.
δ 15 N signatures of individual resident and anadromous trout overlapped and some resident fry had higher δ 15 N values than anadromous trout fry. However, maternal origin was easily inferred using C-isotopic analyses, because anadromous trout fry had δ 13 C values at least 4.5‰ higher than freshwater resident progeny (Fig. 2) . A marine signature was detected in 23 of the 69 fry collected in La Roche Brook and the reproductive contribution of anadromous female brown trout to fry production was estimated at 33% in 2002. Anadromous trout fry were found in the three sections of La Roche Brook (Fig. 3) , but the proportion of fry having a migratory maternal origin was higher in the lower section, S1 (74%), than in the middle, S2 (12%), and the upper, S3 (24%) sections of the stream.
Discussion
Carbon and nitrogen stable isotope analysis (SIA) was found to be an appropriate method for assessing contribution of sympatric freshwater resident and anadromous brown trout to juvenile production in La Roche Brook. Doucett et al. (1999) were the first to use SIA to identify anadromous life histories of age-0 brook trout Salvelinus fontinalis collected in the Tabusintac River (Canada). Recently, McCarthy and Waldron (2000) confirmed that SIA could be used to accurately distinguish between eggs of freshwater resident and anadromous female Salmo trutta in rivers of Northern Ireland and Scotland. In the current study, emerging fry were sampled routinely during the period of emergence in spring 2002 and SIA indicated that anadromous female brown trout contributed up to one-third of fry production in 2002. Furthermore, the results showed that migratory females utilised the entire accessible watercourse, spawning as far upstream as an impassable dam in La Roche Brook.
Freshwaters are known to be 13 C-depleted compared with marine biomes (Fry and Sherr 1984) and a gradient in 13 C usually occurs across estuarine salinity gradients from fresh water to the sea (Riera and Richard 1996; Fry 2002) . Respiration, atmospheric CO 2 , groundwater and carbonates exert several effects on dissolved inorganic carbon (DIC) δ 13 C values and may lower DIC isotope ratios in rivers (Keough et al. 1998; Finlay 2003) . Similarly, particulate organic carbon δ 13 C values usually range between −24 and −18‰ in the marine littoral zone (Tan and Strain 1983; Fry and Sherr 1984) compared with −35 to −24‰ in rivers (Riera and Richard 1996) , even if algal δ 13 C values are sometimes more enriched than −24‰ in streams (Finlay 2001) . As well as differences at the base of food chains, the average trophic fractionation of 13 C tends to be higher in marine than in freshwater food webs (France and Peters 1997, but see Vander Zanden and Rasmussen 2001) . As a result of the cumulative effects of these factors, marine fish are often 13 C-enriched (δ 13 C from −21 to −14‰) compared with freshwater fish (−32 to −20‰) (Doucett et al. 1996; McAvoy et al. 2000; Davenport and Bax 2002) .
However, while using SIA to distinguish between sympatric anadromous and freshwater resident fish, it is important to appreciate that local physicochemical processes in rivers may alter δ 13 C values at the base of the food webs and lead to overlapping δ 13 C values between marine and freshwater fish. Epilithic algal δ 13 C values were positively related to catchment area at large spatial scales (Finlay 2001 ) and microhabitat differences in water velocity may induce large variations in δ 13 C of herbivorous invertebrates (Finlay et al. 1999) . Anadromous salmonids feeding in marine areas usually have a 13 C-enriched signature (ranging between −17.9 and −23.5‰) when they migrate back to fresh water to spawn (review in McCarthy and Waldron 2000), yet Finlay et al. (2002) reported δ 13 C of resident fish above −20‰ in a river food web supported by shallow pool algae. To circumvent these potential confounding factors, it is worthwhile to check that δ 13 C and δ 15 N values of suspected anadromous fish (and their progeny) could not reflect feeding in the stream. This task was achieved by collecting benthic invertebrates to verify site-specific isotope compositions of potential prey for resident fish in the stream. Benthic invertebrates collected in the Oir River basin had δ 13 C values (from −29.9 to −23.1‰) consistent with resident trout samples (−28.5 to −23.2‰) and with fry samples identified as freshwater progeny (−28.4 to −24.8‰) but were 13 C-depleted compared with anadromous trout samples (−21.0 to −16.0‰) or with fry samples identified as anadromous progeny (−19.6 to −17.8‰) .
When catchments are relatively unimpacted by anthropogenic nitrogen, river biota is 15 N-depleted compared with the ocean (Owens 1987; Doucett et al. 1996; McAvoy et al. 2000) and δ 15 N might be a good tracer of marine origins of freshwater fish. However, in the Oir River system, overlapping δ 15 N values between freshwater and anadromous brown trout progeny are largely due to the fact that nitrogen stable isotope ratios of suspended particulate organic matters are elevated (J.-M. Roussel, unpublished data) . 15 N-enriched signatures in biota may be a consequence of high baseline nitrate δ 15 N due to anthropogenic sources of nitrate and animal waste in the Oir catchment. Chang et al. (2002) observed that nitrate in water at sites with livestock tends to have δ 15 N values characteristic of manure, i.e. more than 15-16‰. Anthropogenic activity in catchments also increases N load to near-shore waters and eutrophication of coastal habitats and leads to 15 N-enrichment within estuarine and coastal food webs (McClelland et al. 1997; Tucker et al. 1999) . For these reasons, it is suggested that δ 15 N is less effective as a tracer of the marine status of emerging trout fry in impacted river catchments.
Moreover, fin and egg tissues collected from resident adults had average δ 15 N values ∼7‰ higher than benthic invertebrates (scrapers and shredders) collected in the river catchment. Assuming a 3-5‰ increase in δ 15 N per trophic level above primary consumers (Minagawa and Wada 1984; Peterson and Fry 1987) , our data suggest that resident female brown trout were foraging on invertebrate predators or fish. Such variations in feeding habits might be responsible for the high amount of variation observed in δ 15 N values of resident fry and their overlap with the progeny of anadromous females.
Results from our study indicate that SIA can be used quantitatively for assessing the contribution of anadromous v. freshwater resident female brown trout to juvenile production in a small stream and to evaluate the extent to which their spawning grounds overlap. Further development of this tool rests on proper methods, according to the following recommendations. First, the entire period of emergence must be sampled, because the timing of emergence may be different between the two life history strategies. Spawning grounds may also be concentrated below obstacles to the upstream migration and this aspect has to be considered when choosing sampling sites along the watercourse. Similarly, over-sampling of individuals emerging from the same nest should be avoided and the point sampling protocol that was used in La Roche Brook might be helpful to this end. Second, emerging fry must be collected before they start to dilute their marine maternal isotopic signature by assimilating freshwater energy sources as they prey on stream invertebrates (Doucett et al. 1999) . In the field, a quick estimation of ontogenetic development can be achieved visually, based on yolk absorption and pigmentation of the body (Killeen et al. 1999) ; size of fry at the time of yolk absorption can also be assessed through preliminary experiments in the laboratory. Mixed exogenous-endogenous feeding is rarely observed in salmonid species, but this phenomenon may lead to rapid loss of the maternal isotopic signature (Vander Zanden et al. 1998) . If fry have already fed (full gut) when they are captured, their body size should be compared to fry with an empty gut to verify that they have not started to grow. Finally, site-specific isotope compositions of resident fish and potential prey in the stream should be studied to verify the reliance on either stream or marine maternal origin by the emerging fry.
The quantitative determination of anadromous life histories in mixed salmonid populations is vital for developing proper management policies for protecting the species. Results of this study confirm that La Roche brook is a significant spawning tributary for anadromous brown trout in the Oir River system. The spatial variation in the reproductive contribution of migratory females in La Roche Brook, observed by means of SIA, raises the issue of access to upstream spawning sites. Since progeny of anadromous females were identified immediately downstream of the limit imposed by the dam, it is likely that the distribution of anadromous trout is being artificially restricted. The artificial barrier could be removed to increase access to upstream reaches but this would be at the cost of the conservation of unique genetic components in the headwaters. Finally, the separation of stocks into their anadromous and non-anadromous components is necessary for setting fishing quotas when populations are exploited. SIA can provide fisheries managers with further appraisals of temporal variations in the reproductive contribution of each life history strategy. To this end, routine monitoring of emerging fry and estimation of annual reproductive success of anadromous brown trout is necessary.
